Abstract. We report the final results of the 1997 campaign of photometric observations of the mutual phenomena of the Galilean satellites carried out at observatories in Kazakhstan, Russia, and Ukraine. Our results contribute substantially to the world data bank of such observations and will allow the model of the motion of Galilean satellites to be further refined. To facilitate the use of photometric data, we reduced them by computing the planetocentric rectangular coordinate differences of satellite pairs for a number of instants of time so we deduce the differences for one instant from one observed light curve. It is these reduced data that constitute the principal result of this work. We based our data reduction on the method which we developed in earlier papers (Emel'yanov 1999; Emel'yanov 2000) . The accuracy of observations was estimated in the process of reduction. The paper also describes the equipment used.
Introduction
Observations of mutual eclipses and occultations of planetary satellites are a source of valuable data on the dynamics of the satellites. Present-day ground-based facilities make it possible to observe mutual occultations and eclipses of the Galilean satellites of Jupiter as well as major Saturnian and Uranian satellites.
For the sake of brevity, mutual occultations and eclipses in the systems of planetary satellites are referred to as mutual phenomena. These rare events occur during about six-month long seasons separated by half the orbital period of the corresponding planet. About 300 mutual phenomena occur during each such season. Most of the mutual phenomena last from 2 to 10 minutes. What makes observations of mutual phenomena valuable is the high accuracy of astrometric data derived from the satellite photometry obtained. The data inferred from such observations are several tens to hundreds of times more accurate than the results of usual direct measurements of satellite positions.
Many observatories throughout the world observe on a regular manner mutual phenomena of planetary satellites, and both the data amount and the accuracy of satellite photometry is steadily increasing. Beginning in 1973, regular international campaigns were organized with the aim to observe mutual phenomena of the Galilean satellites in accordance with observing seasons. The description of specific features of mutual phenomena of planetary satellites and brief reviews of campaigns conducted can be found in Aksnes et al. (1984) , Arlot (1984) , Arlot et al. (1992) , Nasonova (1996) . Only a few researchers from the former Soviet Union had experience in performing such observations. In 1985 two light curves of the Galilean satellites were obtained at the observatory of the Fesenkov Astrophysical Institute of the Academy of Sciences of the Republic of Kazakhstan (FAI AS RK) in Almaty (Grigorjeva et al. 1986a; Grigorjeva et al. 1986b) . Two observatories of CIS countries -the Crimean laboratory of the Sternberg Astronomical Institute (CL SAI) and the observatory of FAI AS RK -took part in the last campaign of observations of Saturnian satellites. A total of four light curves of the mutual phenomena of Saturnian satellites have been obtained. The techniques used and the results of astrometric reduction of satellite photometry have been published by Emel'yanov et al. (1997) . This was our first experience in reducing such observations. Seven observatories in Russia, Ukraine, and Kazakhstan took part in the next observing campaign of mutual phenomena of the Galilean satellites in 1997. Such observations have also been performed at many observatories throughout the world during this season. A large amount of satellite photometry has been obtained. These observations proved to be more accurate than those of Saturnian satellites with the Galilean satellites observed at a smaller geocentric distance and being brighter than the Saturnian ones. All this made it necessary to refine the photometric model of mutual phenomena of planetary satellites and develop more sophisticated methods for extracting positional information from such observations. Theoretical issues and the development of the tools used to construct the models of mutual phenomena of natural planetary satellites have been addressed by Emel'yanov (1999) and Emel'yanov (2000) .
During the 1997 observing season of mutual phenomena of the Galilean satellites more than 40 sets of successful photometric observations have been obtained at seven observatories in Russia, Ukraine, and Kazakhstan, yielding the same number of satellite light curves.
New series of photometric satellite observations are required to refine the theory of satellite motion. This process involves the use of a huge amount of satellite photometry interpreted in terms of a model of mutual occultations and eclipses as observed from ground-based observatories, theory of planetocentric motion of satellites, and the theory of motion of planets. In this paper we suggest and apply a special technique for reduction of photometric observations of mutual phenomena of natural planetary satellites. To simplify the process of refinement of satellite orbits, we subdivide it into two stages. The input data at the first stage are the results of photometric measurements and parameters describing the observer-satellites-planet-Sun configuration. The output, after reduction of each light curve, has the form of differences of planetocentric rectangular satellite coordinates referred to a single instant of time. At the second stage the elements of satellite orbits are refined using a series of satellite coordinate differences inferred by reducing the observations all mutual phenomena carried out at different observatories.
The advantage of this approach for a user of the observational data consists of the fact that one will have a deal with a planetocentric satellite motion only to fit the satellite orbit to observations. On the other hand these data keep the whole observational reality including the observational errors.
We describe the observations made and the results of their reduction, i.e., the mutual planetocentric positions of the Galilean satellites as inferred from photometry of their mutual phenomena. Reduction of photometric observations yields to satellite position data that can be used, combined with the results of other observations, to refine the elements of satellite orbits.
Description of photometric observations
Below we give the full names of observatories where observations were made. The abbreviations of the observatory names, which we use hereafter for the sake of brevity, are printed in boldface. Table 1 below lists the observers who took part in observations at each observatory and a brief description of the equipment used. A separate column gives the adopted codes used of actual observers. These codes will then be used to identify the observatory, observers, and equipment for each observation. The observations were made with different instruments at some observatories and therefore the latter are listed twice in Table 1 . Remark in Table 1 : One of the photoelectric observations at the observatory in Nauchnyi settlement was made with the participation of S.Yu. Shugarov, observer from the Sternberg Astronomical Institute.
The observations at the observatories Dushak, Kiev, Kourovka, Nauchny (Code t) were made with an electrophotometer in a photon-counting mode.
We observed mutual phenomena of the four Galilean satellites. Table 2 lists some of the parameters of the satellites and the elements of their orbits at the time close to the Jupiter opposition.
The season of mutual phenomena of Jovian satellites at observatories in Russia, Ukraine, and Kazakhstan started on March 12, 1997 and ended on January 26, 1998.
During the season of the mutual occultations and eclipses the Jupiter declination varied from −14 to −18 degrees.
The technique for reduction of photometric observations of mutual phenomena of satellites
We first consider the adopted model of mutual occultations and eclipses of natural planetary satellites as observed from the Earth. A detailed description of this model can be found in Emel'yanov (1999) . Concerning the satellites they were considered as spheres with uniform surfaces.
We refer to the occulting or eclipsing satellite as the active satellite using subscript a with all quantities that refer to this satellite. We further refer to the occulted or eclipsed satellite as the passive satellite and associate subscript p with it.
In the case of mutual occultation at observing time t 0 the detector receives the light reflected from the passive satellite at time t p , and the light reflected from the active satellite at time t a , so that t p < t a < t 0 . During observations of a mutual eclipse of the satellites the observer's detector receives at observing time t 0 the light that travelled in the vicinity of the active satellite at time t a and was reflected from the passive satellite at time t p . In this case t a < t p < t 0 . The differences between these three instants of time are determined by the time of light propagation between the satellites and the observer.
Hereafter we always refer to instants of time t p and t a , which correspond to observing time t 0 , because these three instants of time are connected by the propagation of the same photon between the satellites and the observer.
The theoretical position of the satellite is given by planetocentric coordinates x, y, z. The (x, y)-plane is chosen to be parallel to the Earth equator for the epoch of J2000. The x-axis points to the vernal equinox of the same epoch.
We now consider a vector in space, which we refer to as the event vector for the sake of convenience. This vector starts at the observing point at time t 0 in the case of mutual occultation or at the solar center in the case of mutual eclipse, and ends at the center of the passive satellite at time t a .
Let x a , y a , z a be the planetocentric coordinates of the active satellite at time t a , and x p , y p , z p , the planetocentric coordinates of the passive satellite at time t p . The flux from the passive satellite measured at time t 0 thus depends on x p , y p , z p and x a , y a , z a .
Hereafter we consider the vector R ap of the position of the active satellite at time t a relative to the position of the passive satellite at time t p . The components of this vector in the coordinate system x, y, z are determined by the following relations:
We now introduce another Cartesian coordinate system X, Y, Z with the origin at the center of the passive satellite. Let us make the Z-axis parallel to the event vector and the X-axis, parallel to the (x, y)-plane. Let the Y -axis always make an acute angle with the z axis and make up a right-hand side coordinate system together with the X and Z axes. This defines unambiguously the direction of the X-axis. Geometrically it will be possible on condition that the z-axis and Z-axis are not parallel. For the natural satellites of all known planets it is always true. We now denote the coordinates of the active satellite in the X, Y, Z reference frame at time t a these are the components of the vector R ap as X a , Y a , Z a . It follows from Emel'yanov's (2000) results that the magnitude of the passive satellite, as measured at time t 0 , depends on X a , Y a , and only slightly on projection Z a of the mutual radius-vector of the two satellites on the event vector.
The components of the event vector R ap in two reference frames are connected by the following evident relations
where coefficients a x , a y , a z , b x , b y , b z depend only on the direction of the event vector. Note that coefficient a z is equal to zero. While observing a mutual phenomenon of two satellites, the measuring system records some quantity E. It can be measured in arbitrary units inherent to the particular detector. In addition to the directly measured quantity E we also introduce flux S produced in the space by the eclipsed or occulting and occulted satellites. This flux passes then through the atmosphere and the telescope aperture up to the detector. The flux S is measured in the units of the satellite flux when it is close to the eclipse and still lies outside the shadow of the occulting satellite in the case of mutual eclipse. In the case of mutual occultation the flux is measured in the units of the total flux S from the occulting and occulted satellites. In both cases flux S outside eclipse or occultation is equal to unity by definition. During a mutual occultation or eclipse flux S decreases and this decrease depends primarily on X a and Y a .
Dependence of E on S is usually unknown. First, we do not know beforehand what will be the reaction of the detector output on the satellite flux. Second, besides the satellite light, the detector is illuminated also by outside light (sky background, the light of the planet scatterred in the telescope). Finally it is difficult to do a forecast about the atmosphere transparency. The sometimes adopted photometer calibration using known sky light sources is often unreliable. We were led to suggest and adopt the following dependence of E on S:
where t is the time of observation; t b some given instant of time, and K, Q, P, L, the empirical parameters to be inferred from photometric observations. The time t b can be chosen arbitrarily prior to the reduction of the photometric observations. After the reduction both K, P correspond to the same time t b . Function S(X a , Y a ) is determined by the model of mutual phenomena and the theory of satellite motion. The dependence S on X a , Y a , has been analyzed by Thuillot & Morando (1990) , described by Emel'yanov (1995) , Emel'yanov et al. (1997) and Emel'yanov (1999) .
In general the parameters K, Q, P, L may take into account the above mentioned effects. For example the parameter Q corresponds to a linear variation of the atmosphere transparency and the parameters P, L describe the light of the planet scatterred in the telescope. In practice although it is not a good idea to determine the parameters Q, P, L from observations because of a great correlation between the errors. We do it in forced cases only when exclusion of the relevant effects by the method of observation is not possible.
The basic idea of the reduction of photometric measurements considered is as follows (Emel'yanov 2000) . Denote the true values of X a , Y a corresponding to a photometric measurement at certain time as
. To reduce observations, we use one of the most accurate theories of satellite motion available. We denote theoretically computed values of X a , Y a , as X t , Y t , respectively. We further assume that the differences
vary negligibly within the same mutual occultation or eclipse. This allows us to compose for any photometric measurement made at time t i one conditional equation 
These values are the main result of reduction. X (o) and Y (o) can be used only if some other quantities considered here are known. In particular, we must know the time instants t a and t p , corresponding to the chosen time t 0 . With the reduction we save the values of
The use of the obtained data
We now describe how to use the data obtained by reducing photometric observations of mutual phenomena of satellites in order to refine the theory of satellite motion.
Let us assume that we have reduced photometric observations of N mutual events. For each event we then choose an instant of time as is described above and thereby obtain a series of such instants, t
(1) , t (2) , ..., t (N ) and the corresponding series of parameters X
, determined by relations (3). These parameters play the part of measured values of X a , Y a .
We further assume that before carrying out the second stage we have at our disposal an approximate theory of satellite motion and approximate elements of satellite orbits inferred from earlier observations. It may be another theory, which differs from that used to reduce photometric observations. The formulas of this theory and relations (1), (2) can be used to compute X a , Y a , which correspond to observing times t (1) , t (2) , ..., t (N ) . We denote this series of quantities as X 1, 2, ..., N ) . These quantities play the part of computed theoretical values of X a , Y a .
We now denote the orbital elements of the passive satellite as p 1 , p 2 , ..., p n . Depending on the theory used, they can be different from the elements of the Keplerian orbit and the number n of these parameters can exceed six. We denote the corresponding orbital elements of the active satellite as q 1 , q 2 , ..., q n .
We can now write the conditional equations which are used to refine the elements of satellite orbits. According to the general formulation of the method of differential adjusting and in view of relations (1), (2) the conditional equations can be written in the following form:
where ∆p j , ∆q j are the corrections to be found for the preliminary values of the elements.
Here partial derivatives of x a , y a , z a are computed at time t a , and partial derivatives of x p , y p , z p , at time t p corresponding to time t (k) . To compute these derivatives, we use the formulae of the theory of motion of satellites and preliminary orbital elements. The necessary values of t a , t p , a x , a y , a z , b x , b y , b z are known and saved from the observation reduction.
The conditional equations thus constructed can be used, if combined with other conditional equations inferred from other types of observations with convenient weights, to refine the elements of satellite orbits.
Results of the reduction of photometric observations

The notation
We recorded observing times on the UT C scale and converted them into the T T scale prior to reduction. To this end, we used the following relation:
The results of the reduction of photometric observations are given in Tables 3 and 4 , and in Figs. 1-31 . We describe now the notation that we used to present the results of this paper.
t 0 is the time of observation, MJD (MJD = JD − 2400000.5) with fractions in the T T time scale. This quantity is not necessary for subsequent determination of the elements of the satellite orbit, however, it can be used to control and identify the data. For each observed event the time t 0 was chosen arbitrary within the period of phenomenon.
t a , t p are the times as explained above, MJD with fractions in the T T time scale.
are two components (in kilometers) of the mutual position vector of satellites calculated using formulas (3) as the main results of the reduction of photometric observations. σX, σY are the standard errors of X (o) , Y (o) as inferred from the reduction of photometric observations (in kilometers). These errors can be used in subsequent computations to determine the weights in the least squares method. a x , a y , a z , b x , b y , b z : the dimensionless coefficient required for application of the results obtained (see formula (2)). The value of a z is always equal to zero.
The results presented also include corrections D x , D y , which incorporate the contributions due to observational errors and the errors of the theory. These corrections characterize the agreement between theory and observations (O-C).
The accuracy of the relative satellite positions inferred from photometric observations of mutual events is characterized by standard errors σX, σY expressed as linear quantities. It is interesting to compare these errors with the accuracy of ground-based angle measurements expressed in arcseconds. The observational errors of the two different types can be co-ordinated by taking into account the angles at which intervals X a and Y a -the projections of the satellite -satellite vector on the sky plane located at a topocentric distance to the active satelliteare seen from the Earth. This is the case when mutual occultations of satellites are considered. When analyzing the mutual eclipses the sky plane is perpendicular to the heliocentric direction of the eclipsed satellite. In this case the angles corresponding to intervals X a and Y a are heliocentric angles. The accuracy of the determination of these angles is then similar to that of ground-based photographic angle measurements. Therefore along the standard errors σX, σY we also give the corresponding angular errors σ a X, σ a Y computed using the following formulas:
where r is the topocentric or heliocentric distance of the active satellite depending on the type of the observed event. Standard errors σ a X, σ a Y given in Table 4 are in arcsec.
We number the Galilean satellites in accordance with the generally accepted numbering system: Io -1, Europa -2, Ganymede -3, and Callisto -4.
We identify mutual phenomena of the Galilean satellites by assigning to them the codes consisting of date (yymmdd) and the following values separated by dash: n a (number of active satellite), P -type of mutual phenomenon, n p (number of passive satellite). P is O for mutual occultation and P is E for mutual eclipse. For example, identifier 970803-4E1 refers to Io's eclipse by Callisto on August 3, 1997.
Each event could have been observed at several observatories yielding several light curves. To designate the particular light curve, we add the observer's code to the event identifier (see Table 1 ). This conventional code identifies the observatory, observers, and the equipment involved in each particular observation. Thus, if phenomenon 970803-4E1 was observed at the Pulkovo observatory, the results should be coded as 970803-4E1-k. The results of observations of the same phenomenon made at the Nauchny observatory by observer Irsmambetova T.R. using photoelectric photometer will be referred to via identifier 970803-4E1-t. Tables 3 and 4 corresponds to observation of one event by one observer, i.e., refers to one light curve. Table 3 contains the data required to refine the elements of satellite orbits. Table 4 gives the parameters that allow the accuracy and reliability of results to be assessed. To establish a correspondence between the lines in two tables that refer to the results of the same observation, we give the observation identifier in the first column of each table.
Description of the results
Each line in
The results of reduction of observations X (o) and Y (o) depend substantially on time t 0 , which was set equal to one of the observing times near the light minimum of the passive satellite. The sets of observing times for the same event differ from one observatory to another. Therefore X (o) and Y (o) inferred from observations made at different observatories cannot be compared to each other. By contrast, we assume D x and D y to be constant throughout the particular phenomenon as is explained above allowing us to compare D x and D y values inferred from observations performed at different observatories. The discrepancies between values inferred from observations made at different observatories are therefore due to observational errors, thereby providing an external estimate for the latter. Parameters σX and σY characterize the internal observational errors.
The accuracy of the photometric observations performed and the quality of the data obtained can be assessed from graphs illustrating the agreement between the theory and observations (Figs. 1-31) . The dots or other symbols show the satellite flux, S i , corresponding to the measured photometric count E i and parameters D x , D y , K, Q, and L, P obtained from the process of the reduction of observations using formula
The model of mutual occultation or eclipse of the satellites is used to compute and plot theoretical satellite fluxes, S(X t + D x , Y t + D y ), for each measurement time. Theoretical values on graphs are connected by a continuous curve. Each graph (the curve and the dots) represents the results of a single observation of one event at one observatory and is identified as explained above, e.g., 970803-4E1-t in the case of Io's eclipse by Callisto on August 3, 1997 observed by Irsmambetova T.R. at the Nauchny observatory. We plot in the same figure the results of all observations of the same event made simultaneously at several observatories. Therefore some of the figures show multiple satellite light curves thereby allowing the results obtained at different observatories to be compared and the systematic errors made during observations to be revealed. Some light curves were obtained with CCD camera. In this case zero value of satellite flux S corresponds to zero value of E. This make it possible to put P = 0, L = 0. No observation allowed us to determine all the parameters K, Q, P, L together empirically. The more detailed comments to each light curve reduced are in the following subsection.
For each observation Table 4 contains the reference (Fig) to the corresponding figure, the reference (C) to the special comment, and the list (E(S)) of the parameters from the set K, Q, P, L which were really determined. To each observation we assigned a quality index Q. The value P (perfect) of the quality index means that the list of the parameters determined fully corresponds to the method of observation. The value V (vague) shows that the only parameter K could be determined and that real error of the values X (o) , Y (o) may be more important than the estimations σX, σY .
Comments and remarks on the observations
Each of following comments is attached to some light curve according to the reference C in Table 4. 1. Measurements of the flux from occulted and occulting satellites or the flux from eclipsed satellites relative to the flux from the reference satellite were made by the CCD detector so the variations of the air mass transparency were taken into account. In this case the parameter Q may be put at zero or determined from observations; 2. Measurements of the flux from the occulted and occulting satellites or from the eclipsed satellite were made by the CCD detector. The parameters K, Q were successfully determined as necessary; 3. Measurements of the flux from occulted or eclipsed satellite relative to the flux from the reference satellite were made by the photometer so the variations of the air mass transparency were taken into account. The parameters K, P, L were successfully determined as necessary; 4. Measurements of the direct flux from the occulted and occulting satellites or from the eclipsed satellite were made through the diaphragm by the photometer and four parameters K, Q, P, L are to be determined. However the data allowed the only parameters K, P, L to be successfully determined so the variations of the air mass transparency were only partially taken into account; 5. Measurements of the flux from the occulted and occulting satellites or from the eclipsed satellite were made by the CCD receiver. The parameters K, Q are to be determined. However the data do not allow us to determine the parameter Q and only parameter K was determined. The real errors may be more important than the estimates σX and σY ; 6. Measurements of the flux by the photometer were made. The data do not allow us to determine the parameters Q, P, L and only parameter K was determined. The real errors may be more important than the estimates σX and σY ; 7. Visual measurements of the flux from the eclipsed satellite were made and the parameters K, P, L were determined; 8. Visual measurements of the flux from the occulted and occulting satellites were made and only parameter K was determined. The real errors may be more important than the estimates σX and σY .
Conclusions
The results reported in this paper can be used directly to refine the orbital elements of the Galilean satellites. It should be kept in mind that a refined set of satellite orbital elements can be inferred from the entire data base of available observations of these satellites. The new portion of observational data obtained as a result of the observational campaign performed contributes significantly to the overall data base of the events considered. The estimates made in this paper show that the satellite positional data inferred from photometric observations of mutual occultations and eclipses of the satellites considered proves to be several tens to several hundreds of times more accurate than the results of the best groundbased photographic observations. We obtained our data with rather modest observational equipment available at the observatories that took part in the campaign.
A preliminary analysis of the accuracy estimates reported in this paper and inspection of plots illustrating the observational results led us to the following conclusions. In some cases the discrepancies between the results of observations of the same event at different observatories exceed the estimated internal errors of each observation, which is indicative of certain systematic errors.
The greatest error in positional data inferred from such external estimates is due to errors of photometric measurements. Only in some specific cases have there been significant discrepancies between observing times. This leads us to a preliminary conclusion that such observations require more accurate allowance for interfering factors. The latter can include scattered light falling into photometer or distortions introduced by the detector. A more detailed analysis of observations is needed.
We can finally conclude that the observing campaign carried out by observatories in Kazakhstan, Russia, and Ukraine in 1997 yielded the expected result. The number of successful attempts increased substantially compared to previous similar observations carried out in 1995 and earlier. To improve this very efficient technique for extracting astrometric information about planetary satellites, the observatories need to be provided with new observing equipment. 
